Mitochondria are both the main producers and targets of ROS (reactive oxygen species). Among the battery of antioxidants that protect mitochondria from ROS, GSH is thought to be essential for the organelle antioxidant function. However, mitochondria cannot synthesize GSH de novo, thus depending on an efficient transport from the cytosol to maintain their redox status. In the present article, we review recent data suggesting that the cellular redox control might not be the main function of GSH, and that its immediate precursor, γ GC (γ -glutamylcysteine), can take over the antioxidant role of GSH and protect the mitochondria from excess ROS. Together, GSH and γ GC may thus represent an as yet unrecognized defence system relevant for degenerative processes associated with the imbalance in the cellular redox control.
Introduction
One of the most efficient forms for energy production in aerobic organisms is carried out by mitochondria, which have been referred to as the 'powerhouse' of the cell. To produce ATP, the estimated 3-30 μM O 2 concentration in the organelle is susceptible to reduction during oxidative phosphorylation [1] . Despite the ability of mitochondrial respiratory complexes to transfer electrons from NADH(H + ) and succinate to molecular oxygen (O 2 ), approximately 1-3% of O 2 consumed is not completely reduced to H 2 O [2] . As a result of this, mitochondria produce ROS (reactive oxygen species), such as superoxide anion (O 2
• − ), hydroxyl radical (OH • ) or hydrogen peroxide (H 2 O 2 ), among others [3] . Mitochondria are, possibly, the main ROS producer of the cell, where they are produced at a rate that is 5-10-fold higher than by the cytosol or the nucleus. Under physiological conditions, ROS levels are tightly regulated by the antioxidant systems, suggesting a signalling role for ROS [4] . Thus ROS can generate a cross-talk among mitochondria and other organelles, a process that modulates the activity and expression of antioxidant enzymes [4] . O 2 • − is considered to be the leading ROS and is derived from the activities of complex I and III of the mitochondrial respiratory chain, as well as from KGDH (α-ketoglutarate dehydrogenase) and G3PDH (glycerol-3-phosphate dehydrogenase) [5] . Reduction of O 2
• − by MnSOD or SOD2 (manganese-dependent superoxide dismutase) in mitochondria forms H 2 O 2 , which can diffuse from the mitochondrial matrix to the cytosol [6] . This process may oxidize nucleic acids, proteins and lipids of the mitochondria, but H 2 O 2 is rapidly reduced to water largely by the GPx (glutathione peroxidase) 1-catalysed reaction [7] . Other enzymatic systems, such as Prxs (peroxiredoxins), Grxs (glutaredoxins) or Trxs (thioredoxins), contribute to control H 2 O 2 levels in mitochondria [8] .
Under certain pathophysiological conditions it has been shown that the mitochondrial ROS production exceeds the detoxification capacity of the antioxidant systems. The oxidative stress thus generated is responsible for the subsequent oxidation of macromolecules [3] , which may be responsible for the cellular deterioration associated with aging [9] and certain diseases, such as cancer, cardiovascular, autoimmune or neurological disorders [6] . Therefore excess ROS has to be tightly controlled in mitochondria to prevent these deleterious consequences in the cell; in the present paper, we focus on the specific role that mitochondrial GSH and γ GC (γ -glutamylcysteine) exert on these cytoprotective functions.
GSH in mitochondria
GSH (γ -L-glutamyl-L-cysteinyl-glycine) is the most abundant and widely distributed thiol redox-derivative compound in tissues [10, 11] . Its antioxidant capacity relays on its cysteinyl thiol group, which is susceptible to oxidation by GPxs [7] . This thiol group can also form S-glutathionyl adducts with selective sulfenic acid residues of regulatory proteins [4] . The extracellular GSH concentration is relatively low (2-20 μl in plasma) [12] , which suggests both a slow export and fast catabolism within the extracellular space, where GGT (γ -glutamyltranspeptidase) catalyses extracellular GSH degradation in the γ -glutamyl cycle [13] . In contrast, the intracellular GSH concentration can vary from 0.5 to 12 mM [11, 14] , mostly being accumulated in the cytosol, where 85-90% of the total GSH cellular content is present [12] . However, GSH is also present in the nucleus, the endoplasmic reticulum, peroxisomes and mitochondria [15] . Although the content in the mitochondria only represents 10-15% of the total cellular GSH, its concentration is similar to, or even higher than, that in the cytosol [8] . It has been suggested that the mitochondrial GSH pool exerts a special role for mitochondrial function and cell survival [16] . It is interesting to note that GSH is absent from anaerobic organisms, hence lacking mitochondria [17] , and the selective depletion of mitochondrial, not cytosolic, GSH triggers oxidative stress and cell death [14] .
With the exception of the occurrence of a γ -glutamylphosphate intermediate, as reported in certain prokaryotes [18] , GSH synthesis occurs in two cytosolic ATP-dependent reactions [11] . In the first step, the ratelimiting enzyme GCL (glutamate-cysteine ligase) catalyses the synthesis of γ GC. GCL is a heterodimer formed by a catalytic (GCL C ) and a modulatory (GCL M ) subunit. Together with the rate-limiting enzyme, GCL, the low abundance of cysteine [12] represents a major determinant of GSH synthesis. In the second step, GSS (glutathione synthetase) adds glycine to γ GC forming GSH ( Figure 1 ). Genetic deletion of GSS [19] or GCL C [20] in mouse is embryonically lethal, and genetic deletion of GCL M increases the susceptibility against oxidative stress [21] . Enhancing GSH biosynthesis can compensate for the loss of its reduced form, the oxidation to the disulfide form (GSSG), or the conjugation with xenobiotics (GSS-X) or proteins (GSSPr) [15] . However, since mitochondria lack the enzymatic machinery to synthesize GSH, they depend on the import from the cytosol [16] . In the first step of this process, GSH diffuses across translocases and porins that are located in the OMM (outer mitochondrial membrane) [22] . Owing to the slightly basic (7.8) pH level of mitochondria, and the anionic behaviour of GSH at physiological pH, further importation to the matrix is not facilitated. Therefore, for its importation, GSH mainly depends on its glutamyl moiety, as well as on 2-oxoglutarate, dicarboxylate [16] and, to a lesser extent, tricarboxylate transporters [23] (Figure 1 ). The mitochondrial energy status contributes to modulating GSH transport, which is increased under state 4, to energized mitochondria [24] . Reduced thiol residues in transporters [16] , GSH binding to Bcl-2 [25] or fluidization of membranes are also facilitators of mitochondrial GSH importation [8] . Once in the organelle, GSH detoxifies H 2 O 2 by acting as a GPx1 cofactor [7] . The resulting GSSG is reduced further by GSR (glutathione reductase), since this oxidized form is rarely exported from the organelle. Regeneration of GSH from GSSG occurs at the expense of reducing equivalents in the form of NADPH(H + ) [11] , mainly derived from the malate dehydrogenase-catalysed reaction or the activity of the PPP (pentose phosphate pathway) in the cytosol, and isocitrate dehydrogenase in mitochondria [22] . Therefore the supply of NADPH(H + ) is essential to regenerate GSH from GSSG, hence dictating the rate of H 2 O 2 reduction by GPx [7] and prevent oxidative-stress-associated cell death [26] .
Multiple functions for mitochondrial GSH
Besides exerting ROS detoxification by acting as a GPx1 cofactor, GSH prevents oxidative stress by modulating intramitochondrial Ca 2 + concentrations. This is particularly relevant in neurons, in which GSH prevents Ca 2 + overload and neurodegeneration after glutamate activation of NMDA (N-methyl-D-aspartate) receptors [26, 27] . Furthermore, nitrosative stress can also be modulated by GSH owing to its ability to react with nitric oxide, forming GSNO (S-nitrosoglutathione) [28] . Depletion of mitochondrial GSH can also increase peroxynitrite production and sensitize cells against nitrosative insults [29] . Cardiolipin (diphosphatidylglycerol) oxidation, transition pore formation or cytochrome c release are other negative effects of acute and sustained mitochondrial GSH depletion [8] that can trigger apoptosis. Independently of direct ROS detoxification, mitochondrial GSH is also involved in the reduction of phospholipid hydroperoxides of the inner mitochondrial membrane, a process that is mediated by GPx4 [30] and is essential for mitochondrial function and cell survival [31] . Finally, mitochondrial GSH detoxifies electrophiles and xenobiotics through GST (glutathione transferase) [32] .
The interaction of GSH with cysteinyl residues of proteins is important for the control of protein function within mitochondria; for instance, GSH promotes cell survival by modulating S-glutathionylation and forming disulfides in caspases or stress kinases [33] . Thus S-glutathionylation acts by protecting thiol groups in proteins, but in turn limits the activity of proteins such as the mitochondrial respiratory chain complexes I and IV, ATPase or pyruvate dehydrogenase, under oxidative stress and NADPH(H + ) depletion [34] . These functions are controlled by matrix Grx2, which, in combination with Trx and PrxIII activities, is responsible for the reduction of glutathionylated proteins and thiol maintenance [8] .
Is antioxidant activity the essential role for GSH?
As previously mentioned, mitochondrial GSH helps to keep the high redox status of mitochondria (E h = − 300 to − 330 mV) (Table 1) , which is even more negative than that of the cytosol (E h = − 200 to − 260 mV) [35] . IMS (mitochondrial intermembrane space) and cytosolic GSH pools are interconnected via porins. This confers a similar E h between both compartments, with cytosolic GSR determining the reduction of the IMS pool [36] . Conversely, mitochondrial GSR is the main player in maintaining the independent matrix GSH in a reduced state [8] . In this regard, Prx, Grx and Trx also contribute to reducing GSSG, thus acting as back-up systems [37, 38] . This role is of special relevance for Trx; for instance, it is enough to maintain the redox status and cell survival, even in the absence of GSH [37] . The relationship between GSH and Trx is reciprocal, since the former accounts for ISC (iron-sulfur cluster) maintenance in the absence of Trx [37] , and it is also capable of inactivating Trx by glutathionylation [38] . protection by mitochondria-targeted γ GC (a) Under basal conditions, GCL (a heterodimer formed by a catalytic and a modulatory subunit, GCL C and GCL M respectively) and GSS catalyse GSH synthesis in the cytosol. Mitochondria import GSH through porins or translocases, placed in the OMM, and DIC (dicarboxylate), OGC (2-oxoglutarate) and TRI (tricarboxylate) transporters, located in the inner mitochondrial membrane. In the matrix, GSH detoxifies H 2 O 2 mainly by acting as GPx1 cofactor. Prx and Trx systems serve as antioxidants by detoxifying ROS. GSH also reduces lipid peroxides through GPx4 and GST. Conjugation of GSSG with proteins is carried out by Grx2. (b) When GSH biosynthesis is impaired, mitochondrial ROS increases and further oxidation of lipids and protein glutathionylation takes place.
Prx and Trx replace GSH in H 2 O 2 detoxification. (c) Targeted synthesis of γ GC takes over GSH function as GPx1 cofactor in H 2 O 2 reduction, thus decreasing mitochondrial ROS and GSH oxidation. ETC, electron transport chain; SOD2, manganese-dependent superoxide dismutase; Prot, protein. [36, 43, 47] It is also worth noting that the glutathione precursor γ GC could be another important antioxidant player. This dipeptide conserves the γ -glutamyl group that confers GSH stability and resistance to degradation [15] . Despite being considered as a mere GSH precursor, we recently demonstrated the ability of γ GC to act as a GPx1 cofactor in mitochondrial H 2 O 2 detoxification, similar to the physiological behaviour of GSH [39] . Mitochondria-targeted synthesis of γ GC is sufficient to prevent neuronal death in a mouse model of neurodegeneration [39] (Figure 1) . Notably, it decreases ROS even after down-regulation of cytosolic GSS or GCL; this is in agreement with the notion that GSH is essential for ISC assembly, but not for redox maintenance [37] . Furthermore, γ GC antioxidant function is thought to be responsible for survival, both in cultured cells [40] and in GSS-deficient patients [41] ; interestingly, the elevated γ GC concentration found in both cases does not inhibit GCL activity, as it occurs with elevated GSH [12] . This allows further accumulation of γ GC, which in turn can take over the antioxidant functions of GSH [39, 40, 42] , and/or spare the possible traces of GSH for other essential functions [43] . However, γ GC does not appear to modify protein cysteinyl residues [39] , or preserve the mitochondrial genome, respiration and cell division [40] .
Conclusions and perspectives
According to the latter observations, it appears that the requirements for GSH do not simply rely on its antioxidant role, since other systems can also account for it. However, with the exception of some prokaryotes, only a minimum amount of GSH is required to cover its cell functions. Thus gastrulation is impaired in GSS − / − mouse [19] , despite the presence of γ GC, and a high degree of GSH deficiency can compromise the survival of patients with GSS mutations. Surprisingly, GPx1-knockout mice are viable, further reinforcing the notion that H 2 O 2 detoxification by GSH is not essential for life [7] . So, why are GSH results crucial for mitochondrial function and cell survival? The answer could be found in other activities of GSH. For instance, maintenance of the ISC has been reported to be indispensable for mitochondria and for the whole cell, as GSH is required only in minimal amounts [37] . On the other hand, disulfide bond formation [44] and residue modification of proteins are determinants of their own activities, which are profoundly influenced by GSH [45] . In agreement with this, GSS + / − mice show a generalized decrease in protein abundance and activities [19, 29] , suggesting that the deleterious effects of GSH deficiency are not exclusively due to the lack of an antioxidant. Finally, the reduction of lipid hydroperoxides determines cell fate, thus, in contrast with GPx1, GPx4 deficiency is embryonically lethal [31] , which suggests an essential role for GSH in lipid hydroperoxide reduction. In summary, whereas antioxidant function of GSH can be partially taken over by alternative thiols, such as γ CG, other important functions cannot be compensated for by GSH loss, thus justifying the need for GSH. 
